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CHAPTER VII

SUMMARY OF FREE FIELD EFFECTS

This bhe resume of free field effects is based entirely on the data described

and presented in Volumes I, II, and IV. The discussion is given in two paits:

air-induced effects and directly-transmitted effects. No means of combining air-

induced and directly-transmitted effects has been developed as yet; therefore,

only surmise is possible regarding the possible combination of these effects. This

part of the description of close-in weapons effects will remain unknown until a

study of this aspect of the problem has been made. Such work has been proposed

and results are to be expected within a year.

Rayleigh wave effects are not included in a\escription of air-induced effects;

the elimination of these effects is based o• •onclusions drawn from the studies of

Gilbert and others described in Volumes I and IV. Simplifications involved in the

Rayleigh wave analysis limit these conclusions; however, they are sufficient to

define the relative importance of the Rayleigh wave contribution, at least with

regard to stresses, because the solution overestimates these effects. These con-

clusions are as follows: 1.) The Rayleigh wave is never of primary importance

for horizontal stresses in the superseismic case; therefore, only materials having

seismic velocities greater than 8,300 ft/sec (the air-blast wave velocity at P soso
1,000 psi) will exhibit important Rayleigh wave effects in the close-in region.

2.) The Rayleigh wave is never of great importance for vertical stresses at any

location for any material. 3.) The Rayleigh wave horizontal stresses are oppo-

site in sign to those accompanying the air blast wave and tend to reduce the effects

of the latter; for vertical stresses the results generally are additive but the

Rayleigh vave contribution is of minor importance. 4.) When Rayleigh wave effects

are important the stresses involved are tensile.
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Based on the above conclusionsastresses arising from the Rayleigh wave appear to be

of less importance than are other air-induced effects in the close-in region and

can be neglected for moat design applications without introducing appreciable error

into the analysis. In order to make a comparable statement regarding ground motoions,

it will be necessary to base any future analysis on a more realistic representation

of the air blast pulse.

A. AIR-INDUCED PHENOMENA

Comparison of the AMF and SRI data shows close agreement in all cases except horizontal

displacements, Of course, there is an additional difference in that the AMP solu-

tion is incapablu of providing information concerning tangential stresses, etc.,

because of the basic assumption of a plane shock front. Furthermore, for the two

lower seismic velocities (i.e., cp - 2,000, 6,000 ft/sec),the SRI results show that

radial and tangential stresses are approximately equal. For c = 12,000 ft/sectan-p
gential stresses are as much as 20 percent lower than radial stresses; this is not

considered a significant difference for most design applications.

Time plots of vertical and horizontal stress at any depth, assuming that tangential

stress equals radial stress and describing both as horizontal strbss, can be drawn

from the curves for surface stress. The times of transit to any depth can be

determined by dividing the depth by c and c . The attenuation nf peak stress withp s

depth can be neglected without serious error, particularly for higher overpressures

and lower seismic velocities. The largest attenuation shown by the AMF data is

about 30 percent in 80 feet for P = 1,000 psi and c = 6,000 ft/sec., and forso p

P = 5,000 psi and c = 12,000 ft/sec, The SRI data for these cases, althoughso p

somewhat more irregular than the AMF data, indicate only about 10 percent attenua-

tion on the average. If the surface pressure pulse is used as the stress history

below the surface, a correction should be made for the shear discontinuity. At

the surface, of course, the dilatational and shear disturbances arrive simultane-

ously at time, t o The shear effect adds to the vertical stress at the surface0

(as it increases this stress at depths) and reduces by an equal amount the hori-

zontal stress (as it decreases this stress at depths). The amount of the shear

discontinuity is much more dependent on seismic velocity than on overpressure
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level; for c = 2,000 ft/sec the jump can be taken as 50 psi, for c, = 6,000 ft/sec

it it 250 psi, and for c = 12,000 ft/sec it is 1,000 psi. In using this methodp

to draw stress curves,the vertical peak stress is the surface peak overpressure,

"0 o Since horizontal displacements are small at the surface,they may be assumedso*
to be zero. Then horizontal stress, aH, is merely (v/i - v) Pso plus the shear

jump. For Pso = 10,000 psi, cp = 6,000 ft/sec, v = 1/3.
2 = p (10,000) + 250 psi = 5,250

Alternatively, the AMF curves can be interpolated, using the above information as a

guide, by establishing decay lines for peak stresses. The surface peak stresses do

not lie on this decay line because of the shear jump, as discussed above. Other-

wise, curves for all depths have the same smooth shape and the curve for any depth

may be sketched in after the peak stress and shear jump have been plotted.

The same techniques can be applied to all other curves in the AMP results. Further-

more, it is possible to interpolate between pressure levels in the same manner (and

also to interpolate between pressure levels and depths at the same time) or between

seismic velocities. Tf this means of interpolation leads to confusion, the AMF

- equations are fairly easy to evaluate for any given situation. Because of the linear

nature of the solution, W 1/3 scaling applies. Also, densities other than 100 lb/ft 3

can be considered by multiplying the response data (stresses are independent of

density) by the square root of the ratio of densities (i.e., 1100/T , where Y' is

density in lb/ft 3 ).

Vertical strains can be determined within ± 10 percent for most cases by dividing

vertical stress by p2 c where O is the density in slugs/ft 3 (for longitudinal

waves in bars, Young's modulus, E = c cp2). Cases in which the above determination
p

is less accurate are those in which the situation in not strongly superseismic. For
these cases (i.e., Pso = 5,000 psi, cp = 12,000 ft/sec; Pao = 1,000 psi, cp-

J 6,000 ft/sec), the method overestimates strains by as much as 40 percent, but at no

time underestimates strains by more than 10 percent. Maximum radial strains given

by the SRI data have an approximately constant value of 6 x 10-4 everywhere except

at the surfacejwhere they are an order of magnitude less. Tangential stresses in-

crease with depth and are from about 10 to 25 percent of the radial strains.
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Vertical displacements show an indefinite increase with time because of the lack of

negative phase in the assumed air blast pulse. One means of utilizing the data,

that of assuming a datum plane of sere displacement and using displacements relative

to this level as absolute displacements, has already been discussed. Another

simpler method of using the data in by assuming peak displacement to be that occuring

when the stress pulse has decayed to some percentage of its peak value. For example,

when the stress has decreased to 10 percent of the peak, vertical displacements at

a depth of 40 feet for P = 10,000 psi are 1.2 feet for c = 2,000 ft/sec, 0.4 feet
so p

for c = 6,000 ft/sec, and 0.2 feet for c = 12,000 ft/sec. Corresponding values

for both P = 5,000 psi and 1,000 psi are 0.9 feet, 0.3 feet and 0.15 feet.
so

The SRI data showed larger radial displacements than did the AMP results; however,

the time histories had the same shapes and general variation of peak displacement

with depth. A simple expression relating maximum radial displacement to surface

peak overpressure, seismic velocity, and depth was developed from the SRI results.

It is as follows:

[o.24 c ,p \0.177

u-=y + 2. 7 l so J* + 0.01 (1)ur 1 1000÷00

Where * is dimensionless radial displacement and z* is dimensionless depth. The

dimensionless depth, s*, is determined from z as follows:

z* (0.84 x 10o6 c 2/3) z (2)
p

and the actual displacement, ur, is found from ur using:

15 (
-r /0 C P2 r(3

In all cases, u may be taken as zero without serious error. The maximum error in

using Equation (3) to determine ur is for P = 988 psi, c = 6,000 ft/sec, andrso p

x = 18 feet, in which case the displacement is overestimated by 60 percent. For

P = 5,150 psi, c = 12,000 ft/sec, and z = 57 feet, the equation underestimatesso p

the displacement by 15 percent. Equation (3) is conservative for all but this

latter case and gives values always within about 25 percent of those given by the

SRI curves.
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The above discussion leads to certain conclusions regarding the close-in under-

ground effects. These are as follow:

1. For strongly superseismic situations (i.e., for air blast velocity

much greater than ground dilatational velocity) most air-induced

ground phenomena can be described fairly well by means of a plane-

wave, one-dimensional model. This result agrees well with cnonclu-

sions based on purely geometric considerations. Lateral stresses

are best represented by assuming complete lateral restraint, whereas

vertical displacements are more closely determined assuming no

lateral restraint although~either assumption leads to reasonably

good values of vertical displacement. Thus layering and inelastic

effects determined elsewhere using one-dimensional models can be

added, at least roughly, to this description of close-in effects.

2. The SRI and AMP data provide, in readily useful form, the necessary

f inputs to the design of ubderground structutes ff6r air-induced under-

ground effects in the'close-in.region.

B. DIRECTLY-TRANSMITTED PHENOMENA

The directly-transmitted effects are far less established than are the air-induced

effects. The Brode and Bjork hydrodynamic analysis has been applied only to one

ground material, Nevada tuff; however, results of Newmark's study indicate that

the effect of varying the equation of state within a fairly wide range may not

affect results greatly. Since the properties of the Nevada tuff used for the

hydrodynamic analysis place it near the borderline of soil and rock, it can be

concluded tentatively that the tuff results can be used for other surface materi-

als of interest without great error.

Newmark's results for directly transmitted effects used the hydrodynamic results

at a radius of 660 feet as inputs to an elastic solution. Although he demon-

strated that the motions and stresses at the boundary of the hydrodynamic and

elastic media are little affected by the differences in properties of the two
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media, the hydrodynamic analysis resulti used as inputs vere taken at a pressure

level below that at vhich the hydrodynamic assumptions are completely valid. Pur-

thermore, the elastic analysis was begun in a region where elastic behavior is

unlikely. Thus the values of stresses and displacements calculated are important

more as an indication of decay rates than as design inputs. In fact, the results

indicate that strespes and motions are an order of magnitude greater than the air-

induced effects at the same ground distance.

The Newmark results require further study to determine the significance of certain

features such as the large tensile stresses in the tangential direction, which can-

not be sustained by earth m-terials. The amount of plastic-zone energy attenuation

also must be assessed more completely; Brooks' preliminary results indicate this

can reduce stresses and motions by more than an order of magnitude. Furthermore, I
directly-transmitted effects must be evaluated nearer the surface in the range of

distances from ground zero which are of prime interest.-

Based on the above comments, it must be concluded that further study is required

before directly-transmitted effects can be determined analytically in a form suit-

able for design of near-surface structures in the close-in region. The studies of

Newavrk and Brooks show great promise of providing this information, but additional

effort is necessary in both cases. Until such results are available, relLance must

be placed upon the limited field test information which is available. This indicates

that most of the directly-transmitted effects at shallow depths occur within 1-1/2

crater radii from the point of burst for a surface detonation. For rock, this

corresponds to the distance at which peak surface overpressure, P = 10,000 psi;so

for dry soil, P = 4,000 psi; for wet soil, Pso 1,000 psi. Design of near-

surface structures can be based on the air-induced ground effects at 10,000 psi

(or any lower pressure) for rock or 5,000 psi (or any lower pressure) for dry soil.

Locations in wet soil are to be avoided because the crater extends beyond the close-

in region.

For all deeply buried structures, directly-transmitted effects predominate. Any

analysis or design of such structures must be based on studies such as those of

Nevmark and Brooks.
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C. IESIGN INPUT DATA

Based on the above commentsno quantitative design inputs can be obtained from the

Nevmrak and Brooks descriptions of directly-transmitted effects; however, certain

jualitative inputs can be based on these results. These would include the shape of

the stress pulses at various locations as well as the variation with location of

stresses and displacements. One of the uses to which such results can be put is

given in the sample calculations of Chapter IX.

On the basis of the pressure levels associated with crater dimensions in dry soil

and rock, design input data should exclude results in soil at pressures > 4,000

psi. Then useful results for 10,000 psi are limited to c = 12,000 ft/sec andP
6,000 ft/sec; for 5,000 psi and below, results for all velocities are applicable.

The most important inputs for most structural designs are the stresses in the medium,

particularly the vertical and horizontal stresses. Horizontal and vertical velocities

and displacements, as well as shear stresses are of interest but not directly useful

in design. Response spectra are useful primarily in designing shook mounts and

equipment rather than structures. Curvature of vertical lines can be useful only

in determining bending stresses in long, slender, flexible structures. Therefore,

the data to be presented here are limited to vertical and horizontal stresses.

Because shallow-buried structures, for which air-induced effects are the most im-

portant, are placed by cut-and-cover procedures, there is no possibility of having

rock above such a structure in most cases. However, horizontal stresses in rock

remain an important design input, particularly for missile silos, which constitute

an important class of underground structures.

For the above reasons the data presented here are limited to time histories of

stress for the following cases:

-7-
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P 0 Stres s Curves

Iiiu2I Presented
10,000 12,000 9,

6,000 o. , a3

5,000 12,000

6,000 c9, Is

2,000 0H' a

1,000 6,000 a' :

2,000 1H, 's

These curves are shown in Figures 1 through 12 for depths of 0, 40, 80, and 160 feet.

They are essentially the same as the corresponding AMF curves of Appendix C (which

are drawn only for 0, 40 and 80 feet) but are drawn to a more convenient scale for

design use.
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CHAPTER VIII

TYPICAL SOIL AND ROCK PROPERTIES

It is difficult to assign physical properties to earth materials by name since

wide variations exist among different deposits of nominally the same material.

In addition, considerable variations can be found in properties of samples from

the same deposit. For this reason, data concerning such properties usually are

given in extensive compilations which show the range of variation of these pro-

perties. Such presentations generally are limited to rock property data since

presenting representative information for soils is far more difficult than for

rocks. For this reasononly typical rock properties are tabulated here; soil

properties are discussed only briefly-and some basis is given for the choice of

properties for analysis of ground stresses and motions.

A. ROCK PROPERTIES

Table 1 shows average properties of representative sound samples of typical rocks.

These properties were obtained in various laboratory tests, primarily those of the

U. S. Bureau of Mines, suaarised in Appendix P of Volume IV. Average unit weight

S•values show small variations; velocity, modulus, and compressive strength values

are reliable within about t 50 percent; Poisson's ratio values are questionable

since some of the data showed negative values. Shear wave velocities were calcu-
"- lated from dilatational wave velocities and Poisson's ratio and tend to be less

rekiable than the other properties.

The indicated moduli and velocities tend to be too high for any near-surface

deposit because of weathering and other surface effects. For moderately weathered

or otherwise imperfect rock masses, a factor of about one-half should be applied
to velocity and modulus of elasticity. This approach is somewhat crude, but the

use to which the data are being put renders such an approach possible. For the

5,000 psi peak surface overpressure level, for example, both the AMP and SRI ana-

- -lytical results at all depths show small differences in response or stress for

• fairly large changes in seismic velocity above 6,000 ft/sec (if the situation

remains superseismic). Because of the insensitivity of the analytical techniques
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to variations in elaio proportion in this range, as wall as on the fairly small

spread of properties among various typeo of rook, it in suggested that standard

properti be assumed for any rook deposit. The choice largely depends on the

condition of the rook. Reasonable values for those properties for sound hard rook

would be: c = 15,000 ft/seo, o = 10,000 ft/sec, and P = 5.3 slugs/ft3. For
p

moderately weathered, or otherwise altered rook, these values would be:

o = 8,000 ft/see, on = 5,000 ft/eec, P = 5.3 slugs/ft 3. For soft or highlyCp or hihl

weathered materials, cp = 6,000 ft/sec, cs = 4,000 ft/uec, /- = 5.0 slugs/ft3. In

general, dynamic and viscoelastic effects can be disregarded witho#% serious error

as can moisture content. Tectonic stresses probably are important for deep struc-

tures but are unknown and must be neglected. This introduces a large uncertainty

in the ikowledge of rock properties at deep locations.

B. SOIL PROPERTIES

Information regarding soil properties cannot be tabulated as simply as rock property

dai, both because there is a great scarcity of published data and because measured

soil properties depend more strongly on testing and sampling methods. Therefore,

it is preferable to discuss the behavior of various soil types of interest and to

attempt to conclude reasonable properties rather than to tabulate average values

of measured propertion. A thorough discussion of methods of arriving at suitable

values of soil properties is given in "Nuclear Geoplosics , Vol. II, Mechanical

Proportion of Earth Materials", by R. V. Whitman.

The types of soils to be considered might be classified as saturated or partially

saturated soils, and dry soils, either granular or cohesive. Saturated, or nearly

saturated soils can be treated quite simply from the point of view of structure

design. Air-induced stresses are transmitted almost entirely by vater; therefore,

stresses at shallow depths are the same as at the surface. Furthermore, horizontal

stresses are equal to vertical stresses because the soil behaves essentially as a

fluid. Seismic velocity is about 5,000 ft/sec (slightly above that for vater);

shear effects are small. The crater radius for a surface burst in wet soil is

considerably larger than for the same material in a dry state; therefore, even

disregarding .increased construction costs, wet or saturated deposits appear to be

undesirable as sites for shallow buried structures. Experience with saturated

-22-



deposits at the Pacific proving grounds (PPG) indicates that directly-transmitted

stresses predominate below the water table (which is only a few feet below the

ground surface at PPG) well beyond the close-in region. This tends to produce

'loads on the portions of structures located below the water table which are greater

than the air-induced loads; reflections could cause further increases. Hence,

1. saturated soils are not included in the following discussion.

Elastic properties of sand and other granular materials vary widely; however,
"normal density may be taken as 100 lb/ft and Poisson's ratio may be taken as 1/3

for design purposes. Measured seismic velocities on the order of 500 ft/sec are

mentioned by Whitman for near-surface sand deposits. He also reports elastic
moduli (for zero lateral strain) which correspond to seismic velocities of about

2,000 ft/sec at high stress levels (about 2,000 psi). This appears to be a maxi-

mum value obtained in such tests since the modulus decreases slightly for higher

j stresses. Values for silt, such as that at the Nevada test site, are about

1,500 ft/sec, whereas clays show velocities of from 1,000 to 1,500 ft/sec. For

materials vhich can be classified as low-grade rocks or highly-cemented soils,

' (e.g., shale, sandstone, and siltstone), Whitman reports values of dilatational

velocity ranging from 2,500 ft/sec to 7,000 ft/sec.

It is suggested that the following values be used for estimsting ground motions

and stresses for dry or nearly-dry soils: for loose granular nsterials and clays,

c = 1,000 ft/sec; for well-compacted granular materials and slightly-cemented
-- p

mterials, cp 2,000 ft/sec; for well-cemented materials, cp = 4,000 ft/sec.

-23-
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TAKE I

TYPICAL ROCK PROPERTIES

Rook a o o* E V
24 2 02

(lb-soo /ft ) (ft/u) (ft/s) (lb/in ) (lb/in ),I
Basalt 5.6 15 10 Wo06 0.15 3.oxo4

Dolomite 5.3 15 10 lOxlO6 0.10 2.OxlO4 I
Gneiss 5.6 15 9 8x106 0.25 3.OxlO

rnite 5.3 12 8 4xlO6 0.10 3.Oxl0

Limestone 5.3 15 10 8xWO 6  0.20 2.Oxl04

Quartzite 6.4 17 12 12x106 0.15 5.0x104

Sandl.tone 4.8 8 8 2406 0 1.5xO4

Schist 5.6 15 10 8xlO6 0.10 2.5x104

Shale 5.5 10 7 5x106 0.10 1.5xlO4

Siltstone 5.5 14 9 7x106 0.10 2.OxlO4

Tuff (hard) 5.6 18 12 12xlO6 0.15 4.0xlO4

Tuff (soft) 4.8 8 4 2xO06  0.10 l. 5xlO4

9= density j
o = dilatational emve velocity

ca = shear wre velocity

E = Young's modulus

v = Poisson's ratio

c = compressive strength0

*c values are calculated from measured values of E and v
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CHAPTER IX

SAMPLE DESIGN COMPUTATIONS

i l The purpose of this chapter is to show ways in which the data presented in earlier

chapters of this report can be applied to the design of underground structures. For] this reason, emphasis is placed on the discussion of the free field phenomena rather

than on the proportioning of various types of structures. Furthermore, the discussion

is limited to three types of structures: a deep tunnel in rock, either lined or unlined;

. a silo in well-compacted soil; a box-type structure at shallow depth (on the order of its

span). These structures are discussed separately in the following sections; the dis-

cussions use as a starting point the comments of Chapter III concerning the application

of analytical results to design.

A. SILO

II •The silo design consists of two parts: 1) the door (and closure) system design, mid

2) the design of the silo itself. Although the door system design presents difficulties,

jj it will not be considered here because the loads arise directly from air blast rather

than from ground effects.

.1 The stresses in the silo arise from the door loads, lateral earth loads, friction forces

resulting from relative lateral displacements of the longitudinal axis of the silo.

These stresses do not all occur simultaneously although there are combined effects;

each of these effects is considered separately with only brief comments regarding

possible combined effects.

The dimensions of the silo are taken to be as follows: length = 80 feet, inner

radius = 6 feet. There is assumed to be no gallery at the surface and no super-

Sstructure protruding above the ground surface. The soil in which the silo is located

is assumed to have the following properties: c = 2,000 ft/sec, c. = 1,000 ft/sec3ps
3.1 slugs/ft 3, zero cohesion, angle of internal friction = 30 degrees.

I - 25 -
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1. Desig For Door Load

The door load is the best imowm of the loads for vhich the silo muts be designed. I
This load, P, is the product of the peak surface overpressure, P 0s, and the area of

the top of the silo. It is assumed that the concrete used will be of high strength

and will be reinforced; furthermore, there will be a steel inner liner to prevent

spelling of concrete into the silo or other failures at the inner surface of the

concrete. The allowable strength of reinforced concrete in the silo can be established

as an average strength, ay, from the following expression:

S= 

PO t + (l -p)) a%

where aat is the steel allowable stress, p is the steel percentage, and ac is the

concrete allowable stress. Then equilibrium requires that:

P 0so (A 2) = [P a a + (1 - P)a c it (0 -_2) = a i(c2 -a _ ).

(1)

Where a and c are th inner and outer radii of the silo, respectively, and Pso is

the peak surface overpressure. Solving for the outer radius of the silo, c:

at + (1- p)y -a
[past + (l-P)l Fso a- P so- t c y(2)

c 72 inches (3)
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Based on the results of analytical and experimental investigations of dynamic
I response of column described in "The Dynamic Behavior of Reinforced Concrete

jolumns", Part III, by C. Y. Yang and K. F. Reinachmidt, Dept. of Civil Eng.,

MIT, October 1962, buckling is not a consideration for a silo of the dimensions

used here, and the response of the silo to door loads will not differ greatly

from the static case. Therefore, the above expressions, which are primarily for

I• the static case, are applicable to the design of a silo for dynamic loads. The

use of the surface peak overpressure as input to the silo without consideration

Il of the door response is justified because the inertia of the door is negligible

compared with the peak surface overpressure in the close-in region.

IJ As an example of a design based on Equations(1) through (3), assume that the allowable

concrete stress c (using 0.85 fc to allow for creep and shrinkage) = 5,000 psi,

allowable steel stress, aat = 50,000 psi, p = 0.05, a = 72 inches, Pso = 1,000

psi. Then, the allowable average stress o is

ay = (0.05) (5,000) + (0.95) (50,000) = 7,250 psi

and, from Equation (3)

C = 72 inches 78 inches
""•1 - 1,000/7,250

or the required thickness of concrete is 6 inches. The location of the steel is

not important for the door-load design, it can be distributed between reinforcing

bars and inner liner in any proportion. Other factors will control this aspect.

The allowable stresses used here are not recommendations but merely convenient values

used to demonstrate the use of the data. The results, of course, are not to be

considered as establishing the design of the silo.

2. Design For Lateral Loads

There are three aspects to the design of the silo to resist lateral loads. First

there are the squeezing loads which give rise to uniform radial and tangential ring
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stresses in the silo. Next, non-uniformity of the stress field at any given depth

give rise to bending ring stresses. Finally, longitudinal bending stresses are in-

duced because of the longitudinal non-uniformity of both applied loads and support

conditions. The first two aspects of the design are considered here; longitudinal

bending is treated in the following section.

A large amount of empirical evidence (from field tests of buried structures sub-

jected to ground effects of nuclear weapons) indicates that the upper limit of the

stress that can act on a buried structure it the free medium stress. The

structure stresses only approach the medium stresses vhen the structure is more resist-

ant to motion (or deformation) than the surrounding medium. There is also analytical

evidence which supports this conclusion. On this basis, the problem of soil-structure

interaction can be eliminated from consideration and the free medium stresses used I
as the loads on the silo.

Ring bending of the silo due to non-uniform radial stresses is considered next. Be-

cause no information regarding the distribution can be obtained from the AMF data

(no ta•gential stresses), SRI results are used to demonstrate the variation of radial I
stresses on the silo at various depths at given times. Results of 1he SRI computations

show that radial and tangential stresses are about equal at all depths and pressure

levels for seismic velocities of 6,000 ft/sec or less. Thus the horizontal stress

field is almost uniform, as is the distribution of normal stress on the silo. The

small variation fCom uniformity of the distribution of normal stresses will not produce

significant bending stresses.

The analysis of the silo as a ring reduces to considering only uniform normal stresses

on the outer surface of the ring. Assuming elastic response, and that the con-

figuration of the silo consists of a thick concrete ring with a thin steel liner, an

expression for the required thicknesses of steel and concrete can be obtained by

equating radial displacements of steel and concrete at the interface as follows:

- 28 -
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cone. steel
U =U

Sr=b r=b

S(1-V c)b (b2 2 + (l + Vc) (b c2 ) (pb P) pb(a + b) f

2 2 2E2t E

Where v = Poisson's ratio for concrete = 0.15, Ec = Young's modulus for

concrete = 3 x 106 psi, Es = Young's modulus for steel = 30 x 106 psi,
a is the inner radius, b is the interface radius, c is the outer radius, fs is

the allowable stress in the steel and t is the thickness of the steel liner.

Equation (4) can be simplified with only small loss of accuracy by assuming a = b.

Then solving for c gives

I f a2 (a + vnt -nt)

Swhere 
n = Ea/E 

© = 10.

As an example, take f = 50,000 psi, t = 0.2 inch, a = 72 inches, ands

P = 1,000 psi. From Figure 11 (page 19), the maximum horizontal stress is about

540 psi. Substituting these values in Equation (5) gives c = 79 inches or, in

other words, the required concrete thickness is about 7 inches. In this case the

steel stress governs the design. The concrete stress can be found from Equation (4)

or by finding the interface stress, pa and using this in the thick-walled cylinder

equation as follows:I2 22
a& - PC c - (Pc -pa)02

(c -a)
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For this oase, ps = fat/a = 139 psi, pe = 540 psi, c = 79 inches, a = 72

inches and co is found to be only 4 8 2 Opai. This is an inefficient use of concrete

and better ratios of steel thiokness to concrete thickness can be found. However, it

is apparent from the above computations that the door-load stresses are more severe

than ring stresses and, therefore, the ring stresses will not control the design.

3. Desiga For Friction Loads

Vertical friction loads on the structure come about because of the relative vertical

motion of the silo and the surrounding medium. The amount of friction force depends

on the relative vertical movement and also on the coefficient of friction between soil

and concrete. This coefficient of friction is difficult to assess and, to avoid merely

guessing at a suitable value, an alternate approach will be used which is based on

the fact that the maximum vertical shear acting on the silo cannot exceed the shearing

strength of the soil.

Soil shearing strength can be determined from the equation of the envelope of Morh' a

circles a follows:

a = c + p tan (7)

where a is the shearing stress at failure, c is the internal cohesion, p is

the confining pressure,and 0 is the angle of internal friction. For soils of

interest here the cohesion, c, is only a few lb/in.2 and is negligible for high

confining stresses. As previously stated, a good working value of about 0.6

(i.e., 0 = 30 degrees) appears to be reasonable. These values are for low stress

levels, however, and are undoubtedly higher than values of tan 0 for the same

materials at higher stress levels. This is because the Mohr's circle is actually

not a straight line but a concave-upward curve the slope of which (corresponding to

tan 0) can become very small for large confining stresses. On this basis the value

of tan 0 will be reduced to 0.5 in this example.
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The vertical stress in the silo is a function of the friction forces along the loaded

length of the silo. It is apparent that the maximum vertical stress in the silo occurs

At the lower end of the silo when the wave front has just arrived at this level. The

* upper limit of this stress is the sum of all the friction forces acting on the silo

at the time of arrival of the air-induced stress at the bottom of the silo.

I3 The total stress in the silo at the bottom is found by integrating the stresses over

the surface and dividing by the cross-sectional area of the s ilo. The expression for

3 the vertical stress, az, at any depth, d, is as follows:

S = o 2do)tan d c A (8)
2 2 C - 2 2 1 d" (2- a2) c - a Jo 'Hz

The variation of horizontal stress with depth required to evaluate ad is deter-
mined from interpolation of the curves of Figure llfor 0, 40, and 80 feet. At the time

the pulse arrives at 80 feet, the horizontal stress at the surface is 130 psi, the stress

at 40 feet is 215 psi, and the stress at 80 feet is 520 psi. The simplest means of

integrating (a Hdz) is by sketching the horizontal-stress versus depth curve on graph

paper and counting unit areas. This has been done for the case under consideration as

shown in Figure 13; the total horizontal force determined from this figure is about

240,000 lbs.

Il Equation (8) can be put into a form more useful by solving of the required outer radius,
C. This gives

I c = 2+ a + Ftan0 (9)
Y Y

where F = 0.Hd = the total horizontal force on the silo.

* Page 19
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Computation of a in this case differs from that for door loads in that an increaseY
in allowable concrete stress should be included here because of confinement effects.

On the basis of experimental evidence the cylinder strength, f0 , can be increased by an

amount equal to four times the minimum principal stress or three-fourths of the inter-

mediate principal stress. No discussion is given here of the data on which these

increases are based; the results are used merely for illustration.

To find the required outer radium,c, from Equation (9), the known (or assumed) values

of a = 72 inches, tan$ = 0.5, F = 240,000 lbs are substituted together with

the value of (7 determined from allowable steel and concrete stresses and percent
y

steel. Allowable concrete stress is & function of the thicknesses of concrete and

steel, which makes use of Equation (9) in design rather difficult. It is perhaps

preferable to assign values to q and calculate c than to adjust the required steelY

percentage on the basis of the allowable concrete stress. Based on the value of a
determined for the door load, a = 8,000 psi appears to be a reasonable value for

friction loads. Substituting this in Equation (9) gives c = 87 inches, or required

thickness = 15 inches.

In this case the friction stresses apparently are more severe than the door load stresses

and control the design for axial loads. For higher overpressure levels this probably

would not be the case, furthermore, an extremely conservative approach has been made

to friction loads. It is suggested that the shear strength of the backfill material be I
checked carefully and altered, if necessary, to reduce friction-induced stresses in

cases in which these stresses control the design. It might be possible, as an

alternative, to lubricate the silo to reduce these stresses. Such techniques are in

the designers realm and are not germane to the discussion of free field effects.

"A Study of the Failure of Concrete Under Combined Compressive Stresses", I
F. Richart, A. Brandtsaeg, and R. L. Brown, Bull. No. 185, Univ. of Ill. Eng. Exp.

Sta., 1928.

"** "Strength of Concrete Under Combined Stress", C. J. Bellasny, Journal, Amer. Cone.

Institute, October 1961, pp. 367-381.
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4. Design for Bendinm Loads

j l Two extreme models are considered in examining bending effects: 1) a compliant structure,

the curvatures of which match the curvatures of a vertical line in the soil, and 2) a

stiff structure loaded by the free-field horizontal stresses.

If the silo is assumed to be perfectly compliant, bending moments in the silo are

obtained directly from the soil vertical-line curvature from the strength of materials

relationship,

~ 22u:1M = EI (0

in which EI represents the bending stiffness of the silo structure and -2?2

is an approximation to the free-field curvature of a vertical line in the soil. For

a constant-section silo, therefore, the distribution of bending moments along the length

of the silo is directly proportional to the curvature of a vertical line in the soil.

The variation of shear, V, and lateral load, q, along the length of silo are obtained

from the differential equilibrium relationships.

dM
V = - (11)S~dz

dV _ d 2Mq -= m z
d z 2 (2

To examine the consequences of the assumption of compliance, take the case of
P = 5,000 psi, c = 12,000 ft/sec, silo length = 80 feet; then 6.67 ma are re-

so p

quired for the pulse to travel the length of the silo. The curvatures (obtained from

Figure 5.8 of Appendix C) and the resulting bending moments, shears, and loads (obtained

from Equations 10, 11, and 12, respectively) are shown in Figure 14. Although it is

possible to design the silo for these stresses, it should be noted that the assumption

of a compliant silo leads to large concentrated moments and forces which are difficult

to justify, particularly if the structure has any appreciable longitudinal stiffness.
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To design for free field horizontal stresses, the silo in treated as a rigid beam

supported by an elastic foundation, This assumption permits computation of reactive

soil pressures directly from equilibrium considerations. As the pressure pulse moves

down through the soil, the silo is loaded by unbalanced horizontal stresses which arise

due to the phase lag between the upstream and downstream sides of the silo. To simplify

the loading on the silo, an equivalent square silo can be used. The horizontal stress

curves of Chapter VII can be used to determine the loads.

If the base of the silo is firmly imbedded in a very hard material (i.e., it can be

assumed that relative translation is prevented and that the soil provides essentially

a hinge support to the silo at its base), than the support conditions consist of an

elastic foundation and a hinged base. If the soil is assumed to be incapable of pro-

viding a concentrated reaction the support conditions will be simply that of an elastic

foundation the reaction of which is proportional to the displacement. In either case,

equilibrium equations for moments and forces lead to the determination of the reactions

at any time. Then shear and bending moment can be calculated for each of several positions

of the wave front and the maximum values of shear and moment chosen for design.

For an example, take P = 5,000 psi and c = 2,000 ft/sec and assume that theso p

silo is hinged at the bottom. Then the variation of the maximum soil reaction at the 3
top of the silo is as shown in Figure 15 as are the shear and bending moment diagrams

for various wave-front locations (only a few locations are shown for illustration) in

Figure 15; more were used to actually find the maximum moment and shear). The maxi- I
mum bending moment is 32,800 inch-kips per inch of diameter. Both occur when the wave

front is 48 feet from the top of the (80-foot) silo. Maximum soil pressure is 662 psi and

occurs at the top of the silo (based on the assumption of linear displacement). For a

silo with a = 72 inches and c = 108 inches, the average shear stress is

V 86T700 lb/in. x 216 in., = 920 psi
area - t (1082 - 722)

and the maximum bending stress is I
a Mc (32.8 x 106 x 216) (108) =

max I8.5 x 10-
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II For no concentrated reaction at the bottom, the corresponding values are r = 1,510 psi

and a = T 950 psi. The actual design of the silo can proceed from these values on

i-k.ie basis of usual straight time reinforced concrete theory.

B. DESIGN OF DEEP TUNNELS IN ROCK

In the case of deep tunnels, the necessary information for rational design is lacking;4 therefore, this section will consist primarily of comments regarding the possible

approaches to the problem. Two modes of failure are discussed: spalling and crushing. The

] former is primarily a function of geometry of both wave and tunnel and the latter is

mostly dependent on stress level. In discussing these modes of failure residual or

tectonic stresses are disregarded mostly because there is so little available information

on these potentially important stresses.

I" The first mode of failure to be discussed is spalling. Based on the study of Logcher,

as discussed in Chapter III, it is difficult for spalling to occur in a circular open-

ing for any pulse except one with a very short rise time and a duration not more than

about the time of transit of the pulse across the opening. On the other hand, the pulses

J obtained from the analyses of Brooks and Newmark are rather rounded and of fairly long

duration (i.e., 50 ms or more for moderate depths). For 6,000 ft/sec material, as usedjI by Newmark in his analysis, a 50 ms transit time corresponds to a 300 ft diameter tunnel.

By neglecting geometry of the opening and considering a rod model, the effect of pulse

I shape on spall length can be studied. The relationship of spall thickness to spall

length for various ratios of ultimate tensile strength to peak stress is shown in

Figure 16. For example, if the ultimate tensile stress is taken as 0.4 times the peak

pressure, the length of a spall for a zero rise time is 0.2 times the length of the

pulse. If a rise time equal to 0.3 times the duration of the pulse (i.e., A/L = 0.3)

I is used, the length of the spall is 0.44 times the length of the pulse.

To illustrate the use of this figure with data from the Newmark analysis, consider

the time history of radial stress at 1,000 ft below a 2 MT burst. (Figure 49, Chapter

IV). The peak stress is about 40 ksi and the rise time is about 30 ms, whereas the
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duration is about 60 ms. Assuming that the tensile strength of the rock is small I

(k = 0), the length of spall would be half the pulse length. For cp = 6,000

ft/sec (the material used by Nevmark) the spall length is one-half of 360 feet or

180 feet. Therefore, spalling could only occur for large diameter tunnels, even

if tunnel geometry were neglected. The above comments do not consider spalling

which occurs as a result of existing faults being mobilized. No means of treating such

phenomena is now available. I

The simplest criterion of failure by crushing is that the maximum tangential (coin- 3
pressive) stress at the tunnel surface equals the unconfined compressive strength

of the rock (as discussed by Clark and Candle in Appendix G, a quasi-static approach

to stresses at fairly large depths below megaton surface detonations is satisfactory).

This criterion is based on the maximum stress theory or, in the case where the mini-

mum lateral confining stress is zero, the Mohr failure theory. Thus if the free 3
field compressive stress is Off, the stress concentration factor is taken as 3.0,

(which is the maximum value both static and dynamic for v = 0.25) and the ultimate 3
compressive strength of the rock is oc, crushing failure takes place when

3!
I

If, in the above expression, the free field stress is only slightly in excess of

the compressive strength of the rock divided by the stress concentration factor, little

fragmentation would normally be expected. However, as the free field stress increases,

the likelihood of fracture and fragmentation increases. As failure proceeds outward

from the center of the tunnel, the shape of the tunnel changes and may result in a I
change of the stress concentration factor at the root of the failure, as discussed in

Appendix G. The speed at which failure propagates into the rock can be assumed to 3
be equal to the seismic velocity of the rock material. I
Figure 17 is a schematic of fracture history in a long-period stress field superimposed

on a static stress field. The duration of the super-critical stress field is re-

presented by tc o This duration multiplied by tie shear velocity of the rock material

is an index to the extent of crack propogation since failure is primarily a shear

phenomena. However, collapse of the cavity may not be as extensive as crack I
- 36 - !
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propogation because "keying in" of fragments and blocks may give sufficient support to

reduce stress concentration until the free field stress is reduced.

The unconfined compressive strength and seismic velocity can be obtained from Table I

or from the more extensive tabulatimn of Appendix F or Appendix G. As an example, take

a soft tuff for which c = 8,000 ft/sec, ce = 4,000 ft/sec and unconfined com-;I ~ps
pressive strength ac is 15 ksi. The stress concentration factor is 3; assume that
the time of overstress is 6 ms and the free field stress (i.e., static + dynamic) is

6,000 psi. The strength of the granite is exceeded by 3 x 6,000 - 15,000 = 3,000

psi for 8 ms. For unlined tunnels the amount of overstress is less important than the

time during which overstressing occurs. In this example, therefore, cracks can

propagate into the rock a distance of 24 feet.

The uses to which this result can be include determining length of required rock

bolts to insure that no rock falls into the cavity either during loading or there

f •J after. Alternatively, a criterion for closure of the opening might be based on whether

the crack propagates a distance equal to the radius of the tunnel. Empirical support

jj for such a criterion is required.

A means of preventing even incipient failure for the overstressed condition lies in

lining the tunnel, preferably with a steel liner, to reduce the tangential stress in

the rock at the tunnel face. As was mentioned earlier for concrete, rock displays in-

creased strength with increased lateral confinement. Thus the liner doubly improves

the situation. The amount of increase of rock strength can be taken as three-fourths

of the interface stress between steel and rock; therefore, a liner giving 1,000 psi

interface stress (about 4 inches for a 35-ft diameter tunnel) would decrease the over-

stress by 750 psi. Theoretical results by Baron and Paines ("Further Studies on the

Diffraction of a Pressure Wave by an Elastically Lined Cylindrical Cavity in an Elastic

Medium", the MITRE Corporation, SR-72 Sept. 1962) indicate that a 4-inch steel liner in a

35-ft diameter tunnel would reduce the stress concentration factor by one-fourth. This

alone would reduce the rock stress below the unconfined compressive stress; therefore,
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a thinner liner would suffice. A out and try approach to this problem seems

adequtte.

C. SHALLOW BOX-TYPE STRUCTURE

No reliable method of predicting loads on buried structures in soil has been

developed, however, some means of estimating these loads are available. One of these

considers the surfaces on which shear forces are mobilized because of deformation or

displacements of the structure; the other considers the relative compressibility of

the structure and the soil replaced by it. The latter approach is discussed briefly

here; fairly extensive discussion of both methods is given in "Nuclear Geoplosics",

Vol. V.

The relative-compressibility concept is based on the reduction of stress on a soil-

structure interface if the interface can move away from the soil and thus mobilize the

shear strength of the soil. Structures stiffer than the soil, on the other hand, ex-

perience loads greater than the free medium stresses. In practice, however, stresses

larger than the free medium stresses have not been observed, and stresses much lower

have been measured. Therefore, free medium stresses are a conservative estimate of the

loads on buried structures.

The surrounding soil provides both damping and virtual mess to the responding elements

of the box structure. The net result is reduction of dynamic effects. Furthermore,

structural materials exhibit increased yield or ultimate strengths when subjected to

rapid loading, which balances any increased dynamic response. Also any increased

response increases the effective compressibility of the structure, thus decreasing

the applied load. On this basis it appears that ignoring dynamic response does not

render the approach unconservative. The free medium stresses can be applied as static

loads for purposes of analysis and the resulting design will always be conservative if

possibly wasteful of materials.

As an example, to design a structure 20 feet by 20 feet deep with the top surface at

a depth of 40 feet for P = 1,000 psi and c = 2,000 ft/sec. From Figure 12,
so p

* See Page 20I
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the peak stress on the top face (i.e., the vertical normal stress at a depth of 40 feet)

II is 970 psi, and on the bottom is 960 psi. From Figure 11, the average peak (horizontal)

stress on the sides is 520 psi. Each of the faces can be designed for bending alone;

a check of axial stresses, after design has been made for bending, will show rather

small axial stresses. Each of the sides can be treated as a square clamped plate for

which the maximum bending moment (which occurs at the edge of the plate), M = 0.0513

p a 2, where p is the average pressure against the side and a is the length of a side

(= 20 feet in this case). The moment at the center of the side is 45 percent of the

maximum moment. For the top side the two design moments are 2,870 in.-kips/in. and

1,290 in.-kips.inch. Design for these moments can be carried out using suitable material

properties and thicknesses of materials.

1 * See Page 19
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